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The production of structured lipids (SLs) by the acidolysis of soybean oil (SO) with a free fatty acid (FFA)
mixture obtained from Brazilian sardine oil, catalysed by Rhizomucor miehei lipase (Lipozyme RM IM) in a
solvent-free medium, was optimised by response surface methodology (RSM) using a three-factor central
composite rotatable design. The best reaction conditions to achieve an adequate n-6/n-3 FA ratio were:
sardine-FFA:SO mole ratio of 3:1, initial water content of the enzyme of 0.87% w/w, reaction time of 12 h,
reaction temperature of 40 C and 10% by weight of the enzyme (% w/w). Under these conditions, the
incorporation of eicosapentaenoic acid (EPA) + docosahexaenoic acid (DHA) into the soybean oil reached
9.2% (% of the total FAs), leading to a signiﬁcant reduction in the n-6/n-3 FA ratio from 11:1 to 3:1. Anal-
ysis of variance (ANOVA) showed that 95% (R2 = 0.95) of the observed variation was explained by the
model. Lack of ﬁt analysis revealed a non-signiﬁcant value for the model equation, indicating that the
regression equation was adequate for predicting the degree of EPA + DHA incorporation under any com-
bination of values of the variables. Easy ambient sonic-spray ionisation mass spectrometry (EASI-MS) was
used for instantaneous characterisation of TAGs. After the enzymatic reaction, a great variety of new TAGs
were formed containing EPA, DHA or both in the same molecule.
 2011 Elsevier Ltd. Open access under the Elsevier OA license. 1. Introduction
Structured lipids (SLs) are generally triacylglycerols (TAGs) that
have been modiﬁed to change their fatty acid (FA) composition
and/or their positional distribution on the glycerol backbone by
chemically and/or enzymatically catalysed reactions and/or genet-
ic engineering. More speciﬁcally, SLs are modiﬁed TAGs that are
made with the goal of attaining improved nutritional or functional
properties (Osborn & Akoh, 2002).
The use of lipases (acylglycerolacylhydrolases, EC 3.1.1.3.) to
modify TAG molecules shows advantages due to the ease of pro-
duction, mild reaction conditions (Okada & Morrissey, 2007) and
their speciﬁcity (positional and FA selectivities). These enzymes
can be successfully used in the production of polyunsaturated fatty
acid (PUFA) concentrates for medical purposes (Carvalho et al.,
2003).
SLs can be synthesised for parenteral nutrition (PN) purposes,
being administered in the form of lipid emulsions (LEs). PN, either
alone or in combination with enteral nutrition, can improve nutri-.
P.O. Carvalho).
evier OA license. ent delivery to critically ill patients. Lipids provide a key source of
calories in PN formulations, preventing or correcting energy deﬁ-
cits and improving outcomes (Calder, Jensen, Koletzko, Singer, &
Wanten, 2010). Soybean-oil-based LEs with high PUFA contents
were the ﬁrst formulations widely used in the intensive care set-
ting. However, they may be associated with a decrease in the
immunological response, which was related to an excess of the
n-6 family PUFAs and to the low amount of n-3 PUFAs found in
soybean oil (Waitzberg, Torrinhas, & Jacintho, 2006), leading to
changes in the notion of parenteral LE use and formulation. More
recently developed parenteral LEs are employing the partial substi-
tution of soybean oil with oils providing medium-chain TAGs, n-9
FAs (olive oil) or n-3 PUFAs (ﬁsh oil). Nowadays it is known that
excesses of either n-6 or n-3 PUFAs show immunosuppressive ef-
fects, and that maintenance of the immune response can be veri-
ﬁed by administering LEs with n-6/n-3 FA ratios between 2:1
and 4:1 (Fan, McMurray, Ly, & Chapkin, 2003; Palombo et al.,
1999). Soybean oil-based LEs show an n-6/n-3 FA ratio of about
7:1 (Horie, Torrinhas, Nardi, Waitzberg, & Falcão, 2007).
SLs show metabolic advantages not provided by physical
mixtures of different types of oil. They contain medium- and
long-chain FAs on the same glycerol backbone, in contrast with
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rate medium- and long-chain TAGs. One potential advantage of
SLs is that they offer a broad choice of FAs in the composition of
the TAGs. For example, soybean oil can be used to provide n-6
essential FAs, and FAs from ﬁsh oil can display anti-inﬂammatory
effects and contribute to the structure of the central nervous sys-
tem via their n-3 PUFAs. Due to its high concentration of eicosa-
pentaenoic acid (EPA, C20:5, n-3) and docosahexaenoic acid
(DHA, C22:6, n-3), ﬁsh oil has been shown to have anti-inﬂamma-
tory potential by interfering with the arachidonic acid pathway
and producing the anti-inﬂammatory eicosanoids prostaglandin
E3, leukotriene B5 and thromboxane A3 (Dudrick, Wilmore, Vars,
& Rhoads, 1969). PUFAs from the n-3 family also play a primary
role in brain and retina development and DHA has a special role
in visual and cerebral function in premature children, probably
extending throughout their entire childhood (Innis, 2000), being
incorporated into the central nervous system during development
of the infant brain (Hartvigsen, Mu, & Hoy, 2003).
Many studies have investigated the lipase-catalysed interesteri-
ﬁcation for the production of n-3 PUFA-enriched fats (Fajardo,
Akoh, & Lai, 2003; Osório, Ferreira-Dias, Gusmão, & Fonseca,
2001) and a number of procedures patented (Macrae & How,
1983; Matsuo, Sawamura, Hashimoto, & Hashida, 1979; Nakamura
et al., 1987). Most of these were kinetic studies on model reactions
for acidolysis on a laboratory scale in the presence of organic sol-
vents (Ghazali, Hamidah, & Che Man, 1995; Senanayake et al.,
2002a; Soumanou, Bornscheuer, Menge, & Schmid, 1997; Senana-
yake & Shahidi, 2002b). However, in these systems the recovery
of the modiﬁed TAGs posed a separation problem.
The aim of the present study was to model the production of SLs
with n-6/n-3 ratios adequate for parenteral nutrition via response
surface methodology (RSM), using lipase-catalysed acidolysis in
solvent-free media. The process consists of a set of mathematical
and statistical methods developed for modelling phenomena and
ﬁnding combinations of a number of experimental factor variables
that will lead to optimum responses. With RSM, several variables
are tested simultaneously with a minimum number of trials,
according to special experimental designs based on factorial de-
signs (Box, Hunter, & Hunter, 1978; Khuri & Cornell, 1987). This
methodology has the advantage of being less expensive and
time-consuming than the classical methods. The SLs were obtained
by acidolysis of soybean oil (SO) with a free fatty acid (FFA) mix-
ture obtained from Brazilian sardine oil, catalysed by a commercial
immobilised lipase from Rhizomucor miehei (Lipozyme RM IM).Table 1
Experimental model and levels of the variables used for optimising the acidolysis of
soybean oil (SO) with sardine-FFAs by R. miehei lipase.
Run Variables
Reaction time
(X1, hour)
Sardine-FFA:SO
mole ratio (X2)
Initial water content of
enzyme (X3, % w/w)
1 12 3:1 0.49
2 36 3:1 0.49
3 12 1:3 0.49
4 36 1:3 0.49
5 12 3:1 0.87
6 36 3:1 0.87
7 12 1:3 0.87
8 36 1:3 0.87
9 24 1:1 0.60
10 24 1:1 0.60
11 24 1:1 0.60
12 24 1:1 0.602. Materials and methods
2.1. Chemicals and lipase
The solvents used were of analytical grade and supplied by
Merck (Darmstadt, Germany). The chemical analytical reagents
used in this study were: the salts K2CO3 and KCl (Synth, Diadema,
Brazil) used for incubating the enzyme, and the salts KOH and KCl
(Synth, Diadema, Brazil) used to extract the FFAs from the ﬁsh oil.
The fatty acid methyl ester (FAME) standards (Supelco TM 37 Com-
ponent FAME Mix, Catalogue No. 47885-U) and boron triﬂuoride/
methanol (14% BF3 in CH3OH, w/v) were purchased from Sigma–Al-
drich Chemical Co., Inc. (St. Louis, MO, USA).
For the acidolysis reactions, the following substrates were used:
commercial soybean oil (Liza, Cargill Foods, São Paulo, Brazil) and
Brazilian sardine oil (Catalent Pharma Solutions, Sorocaba, Brazil).
The FFA mixture (named sardine-FFAs) obtained from this oil by
saponiﬁcation and extraction of the FAs (Kates, 1972), was com-
posed of stearic (5.7%), myristic (7.4%), palmitoleic (8.1%), palmitic
(16.5%) and oleic (15.3%) acids plus EPA (19.8%) and DHA (11.4%).Lipozyme RM IM (lipase from R. miehei), which is a 1,3-speciﬁc li-
pase immobilised on an ion exchange resin, was obtained from
Novozymes Latin America Ltd. (Araucária, Brazil).
2.2. Acidolysis reaction
The immobilised biocatalyst (10%, w/w) was added to the reac-
tion medium (13 g) composed of soybean oil and sardine-FFAs at
various molar ratios. The reactions were carried out in 50 mL con-
ical ﬂasks with silicone-capped stoppers under a nitrogen atmo-
sphere and 0.001% butylated hydroxytoluene (BHT), to avoid
degradation of the PUFA. The reaction mixture was incubated at
the desired temperature (40 C) and agitated in a shaker (TE-421,
Tecnal, Piracicaba, Brazil) at 160 rpm. The substrate mole ratio, ini-
tial water content of the enzyme and the reaction time varied
according to the experimental design. The reaction was stopped
by separation of the lipase by ﬁltration, and the reaction product
was ﬂushed out with nitrogen and stored at 20 C until analysed.
2.3. Experimental design
The best reaction conditions for the acidolysis reaction were
established via RSM. The statistical optimisation experiments were
carried out according to 23 full factorial designs with 4 centre
points, in order to estimate the residual variance. The independent
variables or factors studied were reaction time (hours, X1), sub-
strate mole ratio (X2) and initial water content of the enzyme (%
w/w, X3). The dependent variable studied was the n-6/n-3 FA ratio
of the SLs. The design matrix shown in Table 1 was obtained by
means of the Statistica 9.0 software (StatSoft, Inc., Tulsa, OK,
USA). The signiﬁcance of the data was tested using an ANOVA sta-
tistical test.
2.4. Puriﬁcation of the structured lipids (SLs)
The products of the acidolysis reaction (SLs and FFAs) were sep-
arated as described by Hita et al. (2007) with some modiﬁcations:
the reaction mixture was dissolved in n-hexane to a total volume
of 200 mL and 150 mL of 0.8 N KOH (hydro-alcoholic solution with
30% ethanol) added. This mixture was agitated and the hydro-alco-
holic phase (containing the FFAs as their potassium salts), and the
hexane phase (containing the novel TAGs), decanted. The hydro-
alcoholic phase was extracted twice more with 20 mL of n-hexane
and both n-hexane solutions mixed together. The hexane was
evaporated off and the extracted SLs weighed. It was possible to
extract 75–80% of the SLs with a purity of over 90% using this
procedure.
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The acylglycerols (monoacylglycerol, MAG; diacylglycerol, DAG;
and triacylglycerol, TAG) and the FFAs were identiﬁed by thin-layer
chromatography (TLC), and the FA compositions of the original
soybean oil and of the puriﬁed SLs determined by gas chromatog-
raphy (GC). Identiﬁcation of the acylglycerols by TLC was carried
out on silica-gel plates (pre-coated TLC plates, SIL G-25; Aldrich
Chemical Co., Milwaukee, WI, USA) activated by heating at 105 C
for 20 min. The samples and authentic standards were spotted di-
rectly onto the plate (0.1 mL) and developed in a chloroform/ace-
tone/methanol (95:4.5:0.5, v/v/v) mobile phase. The spots of each
lipid were visualised by spraying the plate with iodine vapour in
a nitrogen stream.
The FAs of the original soybean oil and of the puriﬁed SLs were
converted into FAME by treatment with methanol-BF3 as described
in the AOCS (1998) (AOCS Ofﬁcial Method Ce 1f-96), and analysed
by gas chromatography using a Chrompack GC equipped with a
ﬂame ionisation detector. The separations were carried out using
a 50-m fused silica capillary column (WCOT CP-Sil 88, Chrompack,
Chromtech, MN, USA) with a temperature programme from 180 to
220 C at 5 C/min. Hydrogen was used as the carrier gas. The injec-
tor temperature was set at 250 C and the detector temperature at
280 C. The FA composition was identiﬁed by comparing the reten-
tion times with authentic standards (Sigma Chemical Co.) and
determining the relative percentages.
2.6. Easy ambient sonic-spray ionisation mass spectrometry (EASI-MS)
EASI-MS is an ambient ionisation technique allowing for the di-
rect and fast MS analysis of samples in an open atmosphere di-
rectly from solid surfaces, with little or no sample preparation
(Alberici et al., 2010). EASI(+)-MS performed on a tiny single drop-
let of an oil sample placed on an inert surface under ambient con-
ditions, has recently been shown to provide characteristic TAG
proﬁles for different types of vegetable oil, with proper qualitative
responses (Simas et al., 2010). Spectra from the original soybean oil
and the puriﬁed SLs were obtained in the positive ion mode, using
a single-quadrupole mass spectrometer (Shimadzu LCMS 2010,
Shimadzu Corp., Kyoto, Japan) equipped with a homemade EASI
source, which is described in detail elsewhere (Haddad, Sparrapan,
Kotiaho, & Eberlin, 2008). Typical EASI-MS conditions were as fol-
lows: N2 nebulising gas at 3 L min1, surface angle of ca. 30 and
methanol ﬂow rate of 20 lL min1. The oil sample (2 lL) wasTable 2
Fatty acid composition (% of the total fatty acids) of the puriﬁed SLs obtained by acidolysis o
lipase.
Fatty acids Before reaction After reaction (runs 1–12)
Soybean oil 1 2 3 4 5
SFA 12.6 15.1 13.8 14.6 13.1 17
C16:0 11.4 11.1 11.0 10.9 10.5 13
C18:0 1.2 4.0 2.8 3.7 2.6 4.
MUFA 25.8 22.6 25.9 24.6 25.1 26
C16:1 n-7 – – – 0.2 0.2 3.
C18:1 n-9 25.8 22.6 25.9 24.4 24.9 22
PUFA 61.5 60.0 59.2 57.9 58.1 52
C18:2 n-6 56.5 49.3 54.7 52.2 52.6 38
C18:3 n-3 5.0 4.1 4.5 5.3 5.3 5.
EPA n-3 – 3.6 – 0.3 0.2 6.
DHA n-3 – – – 0.1 – 3.
NI – 5.3 1.1 2.9 1.3 4.
EPA + DHA – 3.6 – 0.4 0.2 9.
Rn-3 5.0 7.7 4.5 5.7 5.5 14
Rn-6 56.5 49.3 54.7 52.2 52.6 38
Rn-6/Rn-3 11.3:1 8.4:1 12.1:1 9.1:1 9.6:1 2.
SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturateplaced directly onto the paper surface (brown Kraft paper) and
the mass spectra accumulated over 60 s and scanned in the 50–
1200m/z range.3. Results and discussion
The TLC identiﬁcation of the FFAs and acylglycerols after the
acidolysis reactions showed that the FAs were effectively split after
the puriﬁcation process employed (Section 2.5). No bands corre-
sponding to the FFAs and no expressive amounts of other interme-
diary acylglycerols (MAG and DAG) were found. Thus the FA
composition and the new TAG proﬁles were determined by GC
and by EASI-MS, respectively, in both the original soybean oil sam-
ples and in the SLs after the puriﬁcation step.
Table 2 shows the main FA composition of the original soybean
oil and of the puriﬁed SLs (after the acidolysis reaction), and also
the n-6/n-3 FAs under the different experimental conditions. The
FA composition found for the soybean oil was in agreement with
other studies (Costa Neto, Rossi, Zagonel, & Ramos, 1999; Firestone,
2006). The major FAs were linoleic acid (18:2 n-6), which ac-
counted for 56.5% of the total amount of FA, followed by oleic acid
(18:1 n-9, 25.8%) and palmitic acid (16:0, 11.4%). The ratio between
the sums of the n-6 and n-3 FAs (n-6/n-3 ratio) in the soybean oil
was about 11:1. Enzymatic acidolysis showed a positive change in
the n-6/n-3 FA ratio, which means there was an increase in the n-3
family of FAs and a decrease in the n-6 FAs, provided by incorpora-
tion of the PUFA from the Brazilian sardine oil. The highest
EPA + DHA incorporations (9.2% and 9.3% of the total FAs) into
the soybean oil were achieved under the experimental conditions
of runs 5 and 6. Under these conditions, the SLs showed lower lin-
oleic acid contents when compared to their contents in the original
soybean oil (56.5% in the original oil versus 38.5% and 37.9% in runs
number 5 and 6, respectively), leading to a decrease in the n-6/n-3
FA ratio to approximately 3:1. The saturated FAs, especially pal-
mitic (16:0) and stearic (18:0) acids were also incorporated into
the soybean oil, as shown by an increase in their contents in the
SLs, since ﬁsh oils have signiﬁcant amounts of these FAs. These val-
ues were achieved by using a sardine-FFA:SO mole ratio of 3:1 and
an initial water content of the enzyme of 0.87% (w/w). Although
similar values were achieved under both experimental conditions
(runs 5 and 6), the most favourable condition, due to the shorter
reaction time of 12 h, was the experimental condition of run
number 5.f soybean oil (SO) with sardine-FFAs under different conditions, catalysed by R. miehei
6 7 8 9 10 11 12
.3 16.8 14.2 14.1 15.5 14.7 15.6 14.8
.1 13.0 10.5 10.5 11.8 11.3 11.8 11.1
2 3.8 3.7 3.6 3.7 3.4 3.8 3.7
.0 25.8 24.5 25.0 24.9 25.0 24.9 23.2
1 3.1 0.4 0.5 1.3 1.2 1.0 1.9
.9 22.7 24.1 24.5 23.6 23.8 23.9 21.3
.7 52.3 57.8 58.0 54.8 55.8 56.3 56.1
.5 37.9 51.0 51.4 46.2 47.6 48.0 47.8
0 5.1 5.3 5.4 5.1 5.2 5.3 5.8
0 5.7 0.6 0.8 2.2 1.9 1.9 1.7
2 3.6 0.9 0.4 1.3 1.1 1.1 0.8
0 5.1 3.5 2.9 4.8 0.5 3.2 5.9
2 9.3 1.5 1.2 3.5 3.0 3.0 2.5
.2 14.4 6.8 6.6 8.6 8.2 8.3 8.3
.5 37.9 51.0 51.4 46.2 47.6 48.0 47.8
7:1 2.6:1 7.5:1 7.8:1 5.4:1 5.8:1 5.8:1 5.7:1
d fatty acids, NI = not identiﬁed.
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EPA + DHA was lower than 4.0% of the total FA composition. EPA
incorporation was higher than DHA incorporation in most runs
(except for run 7), possibly because the EPA content of the ﬁsh
oil used in the experiments (19.8%) was higher than its DHA con-
tent (11.4%). Due to the lipase speciﬁcity, it probably incorporated
EPA and DHA at the sn-1,3 positions, leaving the 18C unsaturated
and saturated FAs at the sn-2 position.
Table 3 shows the statistical analyses carried out using Statisti-
ca 9 software. All the variables shown in the regression coefﬁcients
table were signiﬁcant as shown by their p-values (lower than the a
signiﬁcance level), the linear sardine-FFA:SO mole ratio showing
the greatest effect on the response of all the variables studied.
The negative effect of this variable on the response means that a
high proportion of FAs as compared to the soybean oil (sardine-
FFA:SO mole ratio of 3:1) allowed for a more effective incorpora-
tion of the EPA and DHA. The initial water content of the enzyme
showed a positive effect on the response, which means that the
higher value of initial water content of the enzyme tested (0.86) al-
lowed for higher EPA + DHA incorporation levels. Although the
reaction time did not directly inﬂuence the reaction rate (non-sig-
niﬁcant variable), it became signiﬁcant when the initial water con-
tent of the enzyme varied, given that the interaction between the
reaction time and initial water content of the enzyme was statisti-
cally signiﬁcant. Fig. 1 shows the contour diagram for the incorpo-
ration of EPA + DHA during the acidolysis reaction.
The calculated t values for the variables which showed positive
effects (t = 11.93 for the initial water content of the enzyme and
t = 6.27 for the reaction time versus the initial water content of
the enzyme) were higher than the tabulated t values (2.35), show-
ing that the effects of these variables and/or interactions were
greater than the standard error, and thus signiﬁcant. In the same
way, the calculated t values for the variables and interactionsTable 3
Estimated regression coefﬁcients and analysis of variance (ANOVA) for the acidolysis reac
Regression coefﬁcients ANOVA
Factors Effects Standard error t(3) p-value Term
Mean 3.32 0.11 28.74 0.000093 Linear reg
X2 (L) 2.79 0.14 19.76 0.000283 Residual e
X3 (L) 1.69 0.14 11.93 0.001267 Lack-of-ﬁt
X1 (L)  X3 (L) 0.89 0.14 6.27 0.008176 Pure error
X2 (L)  X3 (L) 1.31 0.14 9.24 0.002680 Total
a = 0.10 R2 = 95.0%
Fig. 1. Contour diagram for the incorporation of EPA + DHA (% of the total fatty acids) a
mole ratio (w/w).which showed negative effects (t = 19.76 for the substrate mole
ratio and t = 9.24 for the substrate mole ratio versus the initial
water content of the enzyme) were signiﬁcant, as they were lower
than the negative tabulated t value (2.35).
The calculated value for F (15.87) was signiﬁcant and the per-
cent of variation explained by the model (R2) was highly satisfac-
tory, so it was concluded that the experimental model, expressed
by the equation z = 2.08 + 0.38x  8.61y  0.05  24x + 0.37 
24y + 4.90xy  1.36, adequately ﬁtted the experimental data. The
deviations between the values predicted by the experimental mod-
el and the experimental values observed in the acidolysis reactions
were normally distributed, i.e., positive and negative deviations
around the predicted values appear in the same proportion, show-
ing a non-tendentious behaviour in their distribution. The ob-
served values were very close to the predicted values, meaning
that the experimental model was adequately ﬁtted.
Fig. 2 shows the proﬁles of the TAGs in the soybean oil before
and after acidolysis as obtained by EASI(+)-MS. The characteristic
soybean oil TAG proﬁles were detected mainly as [TAG + Na]+ ions
(Fig. 2A) and were attributed to PLLn (C52:5,m/z 875), PLL (C52:4,
m/z 877), PLO (C52:3, m/z 879), POO (C52:2, m/z 881), LLLn or
OLnLn (C54:7, m/z 899), LLL or OLLn (C54:6, m/z 901), OLL or OOLn
(C54:5,m/z 903), OOL (C54:4,m/z 905), OOO (C54:3,m/z 907), SOO
(C54:2, m/z 909) and SSO (C54:1, m/z 911), where: O = oleic acid,
L = linoleic acid, Ln = linolenic acid, P = palmitic acid and S = stearic
acid. The most abundant ion was that of m/z 901 corresponding
either to a LLL or OLLn (C54:6) or a mixture of both. Minor
[TAG + K]+ ions were also detected: PLLn (m/z 891), PLL (m/z
893), PLO (m/z 895), POO (m/z 897), LLLn or OLnLn (m/z 915),
LLL or OLLn (m/z 917), OLL or OOLn (m/z 919), OOL (m/z 921),
OOO (m/z 923). Table 4 shows the TAG composition measured by
EASI-MS, which corresponds closely to the known composition of
the FAs of soybean oil: linoleic (49.7–56.9%), oleic (17.7–26.0%),tion catalysed by R. miehei lipase.
Sum of squares Degrees of freedom Mean squares F test
ression 115.75 6 19.29 15.87
rror 6.08 5 1.21
5.60 2 2.80
0.48 3 0.16
121.83 11 11.07
F6;5;0,1 = 3.11
s a function of the initial water content of the enzyme (% w/w) and sardine-FFA:SO
Fig. 2. TAG proﬁles obtained by EASI(+)-MS for (A) original soybean oil; and (B) soybean oil modiﬁed by the acidolysis reactions catalysed by R. miehei lipase (run 5).
Table 4
Main TAG composition in soybean oil before and after enzymatic acidolysis.
m/z % before acidolysis % after acidolysis [TAG + Na]+
847 ND 2.0 MPEPA/MLLn
873 ND 3.7 PPoEPA/MPDHA
875 2.6 4.3 PLLn/PoLL
877 9.8 1.6 PLL
879 6.3 0.7 PLO
881 8.5 1.0 POO
899 8.5 5.6 LLLn/OlnLn
901 25.7 8.2 LLL/OLLn
903 21.0 3.1 OLL/OOLn
905 11.4 0.9 OOL
907 6.1 0.7 OOO
909 3.6 2.9 SOO
911 2.4 2.0 SSO
925 ND 3.9 OLEPA/PLDHA
927 ND 4.5 SLEPA/PODHA
929 ND 8.1 SOEPA/PSDHA
943 ND 7.3 LnEPAEPA
945 ND 4.7 MDHADHA/LnLnDHA
947 ND 7.6 LLnDHA/SEPAEPA
949 ND 4.1 LLDHA/SEPAEPA
953 ND 2.9 SLDHA
955 ND 3.8 SODHA
957 ND 3.2 SSDHA
969 ND 2.7 LnEPADHA
973 ND 5.8 PDHADHA
975 ND 4.4 SEPADHA
M = myristic acid, P = palmitic acid, Po = palmitoleic acid, S = stearic acid, O = oleic
acid, L = linoleic acid, Ln = linolenic acid, EPA = eicosapentaenoic acid and
DHA = docosahexaenoic acid. ND = not detected.
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acids (Simas et al., 2010). Fig. 2B shows that the lipase-catalysed
acidolysis of soybean oil with sardine FFAs resulted in a substan-
tially modiﬁed TAG proﬁle.
Table 4 summarises the relative intensity of the TAG ions rela-
tive to the total intensity of [TAG + Na]+ , before and after acidoly-
sis. As can be observed, the relative intensity of the m/z 847, 873,
925, 927, 929, 943, 945, 947, 949, 953, 955, 957, 969, 973 and975 ions increased after acidolysis of the soybean oil. These TAG
ions can be attributed to the addition of EPA and DHA in the soy-
bean oil TAG molecule. The most abundant [TAG + Na]+ ions after
acidolysis were those of: m/z 929 (probably SOEPA or PSDHA),
m/z 943 (probably LnEPAEPA), m/z 947 (probably LLnDHA) and
m/z 973 (probably PDHADHA).4. Conclusions
A signiﬁcant incorporation of EPA and DHA into soybean oil
using a solvent-free method was successfully optimised by RSM.
Of the variables investigated, the molar ratio between the FAs
and the soybean oil presented the greatest inﬂuence on the incor-
poration of EPA and DHA into the soybean oil triacylglycerols. Un-
der the conditions tested, the acidolysis reactions using R. miehei
lipase allowed for an advantageous exchange between acyl radicals
from the TAGs of the SO and FFAs from the Brazilian sardine oil.
Soybean oil containing EPA and DHA was successfully produced
and may be nutritionally more beneﬁcial than the unmodiﬁed
oil, showing a n-3/n-6 ratio within the proportions recommended
as ideal for parenteral nutrition.
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